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Glomerular basement membrane thickness in children: A ster- tive morphological assessment. The inherent problems
eologic assessment. associated with morphological assessment of three-dimen-
Background. Stereologic methods have emerged as the tech- sional structures when viewed through two-dimensionalnique of choice in assessing glomerular basement membrane
section planes has led to the development and applica-(GBM) thickness, following conceptual modeling comparing
tion of stereologic methods that are now accepted as thethe stereologic technique of harmonic mean of the orthogonal
intercept estimation (Th) with the model based method of technique of choice [1].
arithmetic mean estimation (ATH), with no direct comparison A variety of stereologic methods have been developed
undertaken. We undertook to establish the gold standard for and applied to kidney research [2] both as descriptiveGBM estimation and use this technique to establish a range
and analytical tools. One such area of interest is thefor GBM thickness in children.
glomerular basement membrane (GBM) where, in dia-Methods. Intra-observer and inter-glomerular variation was
estimated in 34 cases with (presumed) normal GBM thickness, betic nephropathy, changes in structure and the response
using Th, ATH and a rapid direct measurement technique, to therapy have been observed and quantified by ster-
with intra-observer variation measured in 35 cases with GBM eologic methods [3, 4] using the harmonic mean of theattenuation. A total of 34,011 measurements were undertaken to
orthogonal intercept (Th). In studies of the alveolar base-establish a range for Th in children on 212 biopsies from 199
ment membrane Th estimation has been shown to bepatients (127 male) demonstrating minimal change nephropa-
thy (N  153), focal segmental glomerulosclerosis (24), no proportional to diffusion resistance, reflecting the trans-
abnormality (24), and acute tubular necrosis (8), which were port capabilities across the membrane. Th estimation
used as surrogates for normals. may provide a more functionally relevant value for GBMResults: Th demonstrated less variation than ATH in both
thickness in comparison to values obtained by measure-the normal and attenuated groups. GBM thickness increased
ment of the arithmetic mean (ATH), which again in thethroughout childhood, from 194 6.5 nm (mean SE) at one
year to 297 6.0 nm at 11 years, with a reduced rate of increase alveolar basement membrane has been shown to reflect
after age 11 years. the metabolic requirements of the membrane itself [5]
Conclusion. Stereologic methods are superior to model and is better correlated with the membrane volume.based techniques in estimating GBM thickness and should be
While stereology is able to minimize the sampling work-regarded as the technique of choice in this area. GBM thickness
load without compromising reliability, data for this withwas observed to increase during childhood with no gender
effect demonstrable as a main effect or interaction. specific reference to GBM thickness, originates from a
conceptual model comparing Th to ATH [6], with no
published direct comparison of each technique.
As an appreciation of the ultrastructural changes asso- Measurement of GBM thickness in children has been
ciated with the disease process has developed, so too has obtained traditionally by use of the arithmetic mean tech-
the need for accurate and reliable methods for quantita- nique [7–12], which like the single study estimating the
harmonic mean of the orthogonal intercept [13] is lim-
ited by variations in tissue source and processing and
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measurement of GBM. Assessment of the arithmetic and Th are laborious pro-
cesses, which limits their use in routine clinical practice.Received for publication October 12, 2001
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ably less time consuming [14, 15], although its use in III and mounted on uncoated copper/lead grids, mesh
size 300. Staining was undertaken with uranyl acetateother clinical settings is untested.
The aim of our study was to validate Th as the gold and lead citrate.
standard for assessment of GBM thickness compared to
Electron microscopyarithmetic mean measurement and the more rapid direct
technique. Following validation we have used the Th to Electron microscopy (EM) was performed using a
Philips EM 201 electron microscope. Each case was re-define GBM thickness in children and its variance with
age, sex and body surface area. photographed either from the original grid or in 30 cases
from sections recut from the original EM block. A mean
of 14 prints per case were obtained.
METHODS
Negatives were obtained at a magnification of 4500,
As with previous studies [7, 8] the difficulties in with a resulting print magnification of 15,000. Magnifi-
obtaining sufficient normal renal tissue led to the use cation calibration was carried out using a shadowed dif-
of biopsies demonstrating minimal change nephropathy fraction grating replica (2160 lines/mm; Agar Scientific,
(MCN), focal segmental glomerulosclerosis (FSGS), Stansted, UK).
acute tubular necrosis (ATN) or no abnormality/non-
glomerular pathology (NAD) as surrogates for normal Morphometric assessment
controls, following the obtaining of local ethics commit- Assessment of GBM thickness was undertaken on 1
tee approval. Specimens were obtained by percutaneous (N  178) or 2 (N  34) glomeruli. All glomeruli were
renal biopsy, using a Tru-cut biopsy needle. assessed by Th, and in those cases where two glomeruli
During the period January 1973 to December 1996, were used the GBM thickness was measured using Th,
212 biopsies from 199 patients (127 males) aged 1.3 to ATH and the direct method.
20.8 years were identified; 192 patients were Caucasian Measurement of the harmonic mean of the orthogonal
and the remainder were of Indian subcontinent origin. intercept was undertaken using the technique described
All patients were born in the United Kingdom. Biopsy by Jensen et al [6] and later modified by Hirose et al
specimens demonstrated pathological features of MCN [17] and again by Dische [18]. Glomerular peripheral
(N  153), FSGS (24), ATN (8), and NAD (27). The capillary loops were identified. To eliminate bias in the
NAD group comprised cases with orthostatic proteinuria sectioning area, once identified the capillary loops were
or where hematuria was subsequently found to have a photographed in a predetermined manner, for example,
non-renal origin. by whole or half-turns of the stage handles. Photographs
Height measurement was undertaken using a horizontal were then developed to a final print magnification of
Harpenden stadiometer (Holtain Ltd., Crymych, UK) approximately 15,000, which were then covered by a
for those aged less than two years and a vertical Harpen- transparent 2.5 cm2 grid. Where the gridlines transected
den stadiometer (Holtain Ltd.) for those aged over two the endothelial surface of the GBM, measurements were
years, with values obtained from case records. Weight undertaken of the shortest distance between the attach-
was measured using a model 3306ABV scales (Avery, ment of the endothelial cytoplasmic membrane to the
Birmingham, UK). Surface area was calculated from the outer lining of the lamina rara externa underneath the
formula derived by Haycock et al [16]: Surface area cytoplasmic membrane of the epithelial foot process.
(m2)  weight (kg)0.5378  height (cm)0.3964  0.024265. Measurements were made using a transparent logarith-
mic ruler using 0.75 as a multiplier of the harmonic (in-
Specimen handling verse) value for each division, with calibration under-
Specimens were pared down to 2 mm2 and fixed in taken when no measured areas of the GBM lay within
2% glutaraldehyde in Sorensen’s phosphate buffer for the initial division (marked A on Fig. 1). For example,
12 hours at 4C. Following rinsing with distilled water if the initial division A measured 2 mm from the origin
of the ruler, the harmonic value would be 1/A  0.5 mm.(3 exchanges, 10 min duration) the tissue underwent
The second division would begin at 2 mm and terminatepost-fixation in 1% osmium tetroxide for 60 minutes.
at 1/(0.75  0.5)  2.67 mm from the origin of the ruler.After rinsing with distilled water (as above) dehydration
The third division would begin at 2.67 mm and terminatein graded ethanol (3 changes, 20 min duration) and pro-
at 1/(0.752  0.5)  3.56 mm and so forth. The apparentpylene oxide (2 changes, 10 min duration) was under-
harmonic mean thickness was calculated (lh), from whichtaken. Pre-embedding was performed in propylene ox-
the true harmonic mean thickness (Th) was estimated by:ide/Spurr resin (50/50) for 80 minutes and then Spurr
resin itself for two hours. Final embedding was then
Th 
8
3

106
M
 lh (Eq. 1)undertaken in capsules containing Spurr resin and incu-
bated at 60C for 16 hours.
Ultrathin sections were cut on an LKB 8800 Ultratome where M represents the final print magnification.
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Fig. 1. Logarithmic ruler. “A” denotes the ini-
tial division in which no measurements of the
glomerular basement membrane (GBM) can
be contained. Numbers 1 through 11 are classes
of ruler into which measurements are placed.
Arithmetic mean estimation was undertaken using the
technique described by Ossawa, Kimmelsteil and Seiling
[19]. Measurements of the peripheral capillary loops
were undertaken only where the epithelial and endothe-
lial cytoplasmic membranes were clearly visible or the
endothelial pores circular, thus excluding tangential sec-
tioning. Measurements were undertaken perpendicu-
larly from the endothelial cytoplasmic membrane to the
outer lining of the lamina rara externa underneath the
cytoplasmic membrane of the epithelial foot process.
Areas of GBM attached to bars of mesangial matrix also
were excluded from assessment. Points were measured
along the peripheral capillary loop at an arbitrary dis-
tance, which in this study was 1 m. Measurements were
then converted to scale using an estimation of magnifica-
Fig. 2. Glomerular basement membrane (GBM) thickness increasestion based upon the calibration grating. throughout childhood, with the rate of increase declining from approxi-
The direct measurement technique entails 16 arith- mately age 11 years. No difference in GBM thickness was observed
between () males and () females.metic mean measurements undertaken at least 3.6 m
apart in the thinnest areas of the peripheral capillary
loop [14]. Measurements were then converted to scale
using an estimation of magnification based upon the cali-
the same glomerulus, were both examined using absolute
bration grating.
percentage differences, defined by:
All calculations were carried out using a programmed
computer spreadsheet (Microsoft Excel 5.0). measurement1  measurement2
1/2(measurement1  measurement2)
 100% (Eq. 2)
In 34 cases two glomeruli were measured and the
inter-glomerular variation in GBM thickness was calcu-
This was done to allow for the possibility that the pairedlated and expressed as a percentage. Assessment of intra-
differences were generally greater for thicker GBM. Theobserver error was undertaken in 34 cases with re-mea-
95% confidence intervals (95% CI) for the mean abso-surement of each glomerulus by each technique with the
lute percentage differences, based on the t distribution,observer blinded to the original measurement. As the
also were obtained.direct method was designed for use in cases of GBM
The possible dependence of GBM thickness, as mea-thinning, using each technique, measurement was under-
sured by the harmonic mean method, on sex, age and
taken of 35 cases with clinicopathological evidence of
surface area was modeled using multiple regression.
thin basement membrane nephropathy, defined by the Quadratic terms in age and surface area were included in
presence of microscopic hematuria, minimal proteinuria order to allow for possible curvature. Competing models
and a measured GBM thickness below the tenth percen- were compared using standard F tests.
tile for age. All measurements in this group also were
repeated with the observer blinded to the original results.
RESULTS
Statistical analysis A total of 34,011 measurements were undertaken us-
The harmonic mean method was compared with each ing the Th technique. GBM thickness was noted to in-
of the other two measurement methods in turn by carrying crease during childhood form a mean of 194  6.5 nm
out a t test on the paired differences between measure- (mean  SE) at age one year to 297  6.0 nm at 11
ments made on the same glomerulus by the two methods. years (Fig. 2).
The 95% confidence intervals for mean paired differ- In comparison to measurements undertaken on the
ences, based on the t distribution, also were obtained. same subjects using Th, higher mean values were ob-
The average sizes of inter-glomerular differences within tained when using the arithmetic mean technique, the
sample mean paired difference between the two valuesindividuals, and intra-observer errors when measuring
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Fig. 3. Effect of measurement technique on GBM thickness. In com- Fig. 4. Glomerular basement membrane thickness increases with sur-
parison to the () harmonic mean estimation, higher paired mean face area. No difference in GBM thickness was observed between ()
values were obtained using the () arithmetic mean technique (P 	 males and () females.
0.0005), with lower paired mean values for GBM thickness obtained
using the () direct method (P 	 0.0005).
with thinning of the GBM for which the direct technique
was specifically designed with less intra-observer varia-
being 10.26 nm with a standard deviation of 10.31 nm tion noted using the harmonic mean technique, 3.77%
(Fig. 2). A 95% confidence interval for the population (95% CI, 3.05 to 4.50%, SD 2.12) compared with the
mean difference ranged from 6.67 to 13.86 nm (P 	 arithmetic mean of 7.27% (95% CI, 5.93 to 8.62%, SD
0.0005). Compared to measurements undertaken on the 3.92) and the direct technique of 12.86% (95% CI, 10.84
same subjects using the harmonic mean technique, lower to 14.88%, SD 5.88).
mean values were obtained using the direct measure- A mean of 160 measurements (SD 40.4) of GBM thick-
ment technique (Fig. 3). The sample mean (standard ness were undertaken using the harmonic mean in all
deviation) of the paired differences was 68.59 nm (SD 212 cases. GBM thickness was seen to increase with age
32.26 nm), and a 95% confidence interval for the popula- from birth to age approximately 11 years when the rate
tion mean difference ranged from 57.33 to 79.84 nm of increase began to decline (Fig. 2). A similar pattern
(P	 0.0005). The data also suggest that the mean paired was seen when GBM thickness was plotted against height,
difference between measurements increases as true weight or surface area (Fig. 4). A preliminary stepwise
GBM thickness increases; therefore, all further analyses regression indicated that age and surface area (SA)
should be entered into a model for GBM thickness, inwere based on absolute percentage differences.
preference to height and weight. Consequently, a qua-In 34 cases where two glomeruli were measured, the
dratic regression was fitted in the main effects of gender,mean number of measurements per glomerulus under-
age, SA, age2 and SA2, and interactions between gendertaken using the harmonic mean being 148 (SD 19.8),
and all four of the other terms. Comparison of the resid-the arithmetic mean 431 (SD 49.7) with the number of
ual sum of squares from this model with that from ameasurements using the direct technique fixed at 16 per
simpler model, which excluded the main effect and inter-glomeruli. The average inter-glomerular difference in
action terms in sex, led to the adoption of the simplerGBM thickness, expressed as a percentage of the average
model (F  1.155 on 5 and 201 DF, P  0.333). Thus,of the two thickness measurements in each case, was
contrary to previous reports [7], it appeared that genderobserved to be less when measuring the harmonic mean
did not contribute to GBM thickness either as a mainthickness, 3.28% (95% CI, 2.68 to 3.88%), compared
effect or as an interaction, once the effects of age andwith the arithmetic mean thickness, 5.38% (95% CI, 4.35
SA had been taken into account.to 6.41%), and the direct technique, 8.44% (95% CI,
The term in age2 also was found to be non-significant5.87 to 11.01%).
(P 0.329) and was removed from the regression model.The same observer repeated all measurements with
The final fitted model was:less intra-observer variation noted using harmonic mean
estimation 3.76% (95% CI, 3.38 to 4.14%, SD 1.57) than Mean GBM thickness  132.93  (3.87 * Age)
arithmetic mean 10.37% (95% CI, 9.54 to 11.19%, SD
 (176.83 * SA)  (61.92 * SA2) (Eq. 3)3.41) and the direct technique 11.72% (95% CI, 10.37
to13.06%, SD 5.55). This also was observed in the group with a residual standard deviation, s  23.27 nm.
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This model explained 63% of the variability in GBM of glomeruli studied [21]. Estimation of GBM thickness
in individuals therefore can be optimized by undertakingthickness (that is, R2  0.63). Thirteen patients were
biopsied more than once and on entering their data into fewer GBM measurements from more glomeruli ob-
tained from different tissue blocks. It is usual that onlythe above model for GBM thickness, seven positive and
six negative residuals were obtained, with a root mean a single block is processed for electron microscopy and
therefore optimizing sampling efficiency can be achievedsquare error of 17.94 nm. This provides support for the
model. by increasing the number of glomeruli in which GBM
thickness is measured. Published data suggest that 150
harmonic mean measurements are required for the esti-
DISCUSSION
mation of GBM thickness in a single glomeruli [5], which
Estimation of true basement membrane thickness is may be reduced by using more than one glomeruli [21].
dependent on knowledge of section orientation, with Digital imaging has been shown to be successful in
variations in sectioning plane increasing or decreasing ultrastructural morphometry [22] and with advances in
the observed membrane width. It is accepted that this technology may match the current superiority of point-
effect will be random, and a correction factor of /4 [6] counting on photographic prints [8, 21, 23], however, it
may be used to convert the observed membrane thick- does not address the issue of tangential sectioning. There
ness to true membrane thickness. The use of arithmetic is a continued need for harmonic mean estimation.
mean measurement is limited by the distribution of true Inter-glomerular and intra-observer variability was
membrane thickness, which is markedly skewed to the greater in results obtained by arithmetic mean calcula-
right, and also the effect of bias arising from the curva- tion compared with harmonic mean estimation despite
ture and extreme variation in membrane thickness the increased workload of arithmetic mean estimation.
[5, 20]. This is pertinent to measurement of the alveolar The largest variation was observed with the direct mea-
basement membrane where extreme variations in base- surement method, which was designed to assess GBM
ment membrane thickness are observed. In comparison, thickness in those with GBM thinning. In the group of
however, the GBM demonstrates less of an extreme vari- patients with GBM thinning, the harmonic mean tech-
ation in thickness, and hence little difference is observed nique again demonstrated significantly less variation than
between harmonic and arithmetic mean thickness. either of the other techniques. Consequently, we demon-
Harmonic mean estimation is recognized statistically strate that harmonic mean of the orthogonal intercept
to be more efficient than arithmetic mean measurement is the technique of choice for measuring GBM thickness
[6], with 150 measurements of harmonic mean thickness independent of the underlying pathological abnormality.
required to produce a SEM of 2%, compared to over It is of interest that studies of GBM thickness in adult
480 arithmetic mean measurements. This number of patients with thin basement membrane nephropathy
measurements has been undertaken in few previous stud- (TBMN) have shown less inter-glomerular variation in
ies of GBM thickness using arithmetic mean estimation, GBM thickness in those with TBMN compared to nor-
with the mean number of measurements undertaken mal controls [24]. In our current study, an inter-glomeru-
ranging from 75 to 420 [7–9, 11, 19]. lar difference in GBM thickness of only 3.28% was ob-
The workload to estimate harmonic mean thickness served compared with 36% in the aforementioned study.
is therefore less than that required for estimation of This may have arisen due to re-measurements of the
arithmetic mean thickness and is of greater accuracy. We GBM in our study being undertaken on the original
demonstrate this also with a mean time for estimation of prints as opposed to a new section re-cut from the origi-
harmonic mean thickness being 43.3 minutes (95% CI, nal block. While GBM thinning has been reported in
41.3 min to 45.3 min) and arithmetic mean 73.8 minutes adult patients with minimal change nephropathy, focal
(95% CI, 63.4 min, 79.2 min). Both techniques were attenuation of the GBM was not observed in this cohort.
significantly more labor intensive than the direct tech- Tissue preparation itself is recognized to exert an ef-
nique, 15.5 minutes (95% CI, 14.4 min, 16.6 min). fect on tissue morphology, and this has been demon-
Establishing a reference range for GBM thickness in strated on free cells, lung, liver and kidney tissue [5] with
children may be affected by variance at each principal a demonstrated variation of 5%, although less varia-
level of sampling including; the number of patients, num- tion was noted in kidney blocks than other tissue. This
ber of kidneys sampled from each patient, the number has not been consistently demonstrated, however [25],
of glomeruli sampled, the number of photographic prints with the material used for embedding hypothesized as
obtained from each glomeruli, and finally, the number the main source of difference in GBM measurements
of measurements undertaken on each print. The contri- [26]. Comparison of previous studies of GBM thickness
bution of each level of sampling to the overall variance in childhood, while being based on small numbers, have
is skewed with up to 90% of the variance arising from shown a wide variation in GBM thickness despite similar
processing and embedding techniques [7, 8]. It is of notethe combined variation between subjects and the number
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thickness in children: A morphometric study. Pediatr Nephrol 2:that GBM measurement in these studies was undertaken
190–195, 1988
by assessment of the arithmetic mean, and perhaps it may 8. Shindo S, Yoshimoto M, Kuriya N, Bernstein J: Glomerular
basement membrane thickness in recurrent and persistent hematu-be that this technique may demonstrate more variability
ria and nephrotic syndrome: Correlation with sex and age. Pediatrthan that contributed by processing and embedding.
Nephrol 2:196–199, 1988
Techniques employing differing embedding materials 9. Kobayashi O, Wada H, Okada K, Maeda H: Renal glomerular
changes of non-familial and familial benign hematuria. Int J Pediatrbut using stereologic methods have demonstrated less
Nephrol 1:86–92, 1980variation [13, 20, 27]. Other factors influencing GBM
10. Milanesi C, Rizzoni G, Braggion F, Galdiolo D: Electron mi-
thickness, including, in the rat, alterations in water bal- croscopy for measurement of glomerular basement membrane width
in children with benign hematuria. Appl Pathol 2:199–204, 1984ance and renal artery saline perfusion [28], are unlikely
11. Yoshikawa N, Hashimoto H, Katayama Y, et al: The thin glomeru-to significantly affect GBM thickness in clinical practice.
lar basement membrane in children with hematuria. Pathology
The use of renal biopsy material from patients with 142:253–257, 1984
12. Vogler C McAdams AJ, Homan SM: Glomerular basement mem-renal disease as surrogates for normal controls is an
brane and lamina densa in infants and children: An ultrastructuralacknowledged limitation of the published data relating
evaluation. Pediatr Pathol 7:527–534, 1987
to GBM thickness in children [7, 8]. In order to establish 13. Lang S, Stevenson B, Risdon RA: Thin basement nephropathy
as a cause for recurrent haematuria in childhood. Histopathologypopulation data, a sufficiently large cohort must be ob-
16:331–337, 1990tained, which in adult patients may be generated from
14. McLay ALC, Jackson R, Meyboom F, Boulton-Jones JM: Glo-
biopsies of donated kidneys prior to transplantation [25]. merular basement membrane thinning in adults: Clinicopathologi-
cal correlations of a new diagnostic approach. Nephrol Dial Trans-These data are not available for children who do not act
plant 7:191–199, 1992as living related donors, and it is probable that limitations
15. Das AK, Pickett TM, Tungekar MF: Glomerular basement mem-
on the accuracy of GBM measurement may be present brane thickness – A comparison of two methods of measurement
in patients with unexplained haematuria. Nephrol Dial Transplantin cadaveric donor kidneys.
11:1256–1260, 1996In conclusion, we demonstrate less variation in GBM
16. Haycock GB, Scwartz GJ, Witosky DH: Geometric method for
thickness when measured using the harmonic mean of measuring body surface area: A height-weight formula validated
in infants, children and adults. J Pediatr 93:62–66, 1978the orthogonal intercept compared with both the arith-
17. Hirose K, Østerby R, Nozawa M, Gundersen HJG: Develop-metic mean and direct measurement, and recommend
ment of glomerular lesions in experimental long term diabetes in
the use of this technique. Our study, to our knowledge the rat. Kidney Int 21:689–695, 1982
18. Dische FE: Measurement of glomerular basement membranethe largest to date regarding this issue, found that GBM
thickness and its application to the diagnosis of thin-membranethickness increases with age and surface area, with no
nephropathy. Arch Pathol Lab Med 116:43–49, 1992
additional effect of sex, throughout childhood with the 19. Osawa G, Kimmelsteil P, Seiling V: Thickness of glomerular
basement membranes. Am J Clin Pathol 45:7–20, 1966rate of increase in GBM thickness decreasing from age
20. Gundersen HJ, Jensen EB, Østerby R: Distribution of membrane11 years.
thickness by lineal analysis. J Microsc 113:27–43, 1978
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